Summary
Engineered nanoparticles (NPs) are being used for a broad array of high-technology applications, including sensing, imaging, targeted drug delivery, biodiagnostics, catalysis, optoelectronics, and film growth seeding [1, 2] . The enhanced optical, electrical, and catalytic properties of metal NPs are strongly correlated with their size, shape, and structure [3] . As such, physicochemical characterization of NPs is critically important to ensure their effective use and applicability.
In this context, ultraviolet-visible spectroscopy (UV-VIS) is one of the most widely used methods for measuring the optical properties and electronic structures of NPs [4] . UV-VIS absorption bands are related to important properties such as the diameter [5] , shape [2] , and polydispersion [6] of metallic and https://doi.org/10.6028/jres.122.037 semiconductor NPs. Thus, this analytical technique is used during NP synthesis to monitor NP formation, to assess suspension stability under different conditions and media [7, 8] , and to establish the optical properties of the newly formed nanomaterials [9] .
In view of the extensive use of UV-VIS for NP characterization and monitoring of NP formation during synthesis reactions, we developed NanoUV-VIS, an interactive web application designed for the analysis of multiple UV-VIS absorbance spectra measured as a function of time. Graphical visualizations of the data in two dimensions (spectrum plot, contour plot) and three dimensions (surface plot) are created by this tool. In addition, the NanoUV-VIS tool evaluates and estimates important parameters related to the absorption bands of NPs, including maximum optical absorbance, surface plasmon resonance (SPR) peak, and the full width at half maximum (FWHM) of the UV-VIS spectra. This information is available to download as a table in the software, as well as in the form of interactive plots, where the scientist can compare the behavior of these parameters in order to better interpret the outcomes of the experiment.
Though NanoUV-VIS was designed to visualize NP synthesis, this tool can be used for a wide range of other applications in nanotechnology and nanoscience, such as the assessment of suspension stability, the investigation of the influence of coating agents on the NP optical properties, and the monitoring of seedmediated NP synthesis, among others. Moreover, this data analysis and visualization tool can be extended to other fields beyond nanotechnology in which spectrochemical analysis by UV-VIS plays an important role.
Software Specifications
The framework behind the NanoUV-VIS tool is Shiny [10] , an open-source package that enables the creation of web-based applications using R Statistical Software [11] . 1 Shiny allows for implementation of the numerous capabilities of R, enabling R programmers to develop and deploy web applications without requiring knowledge of HTML, CSS, or JavaScript.
NanoUV-VIS takes advantage of two R packages for an interactive visualization: (i) Plotly [12] was used to provide flexible and interactive graphics to the users; and (ii) DT [13] provides an R interface to the JavaScript library data tables, which makes possible to interact with the tables (i.e., to search the table for a specific value).
The software specifications are shown in Table 1 below: 
Experimental Section
To demonstrate applicability, a silver nanoparticle (AgNP) synthesis experiment was conducted using UV-VIS to monitor the progression of the synthesis process. AgNPs were synthesized by reduction of silver nitrate (AgNO3) with sodium borohydride (NaBH4) using a modified version of the procedure described in Ref. [14] . AgNO3 (> 99.9999 %) and NaBH4 (> 98 %) were purchased from the Aldrich Chemical Company. Deionized water (resistivity of 18 MΩ·cm at 25 °C) was used to prepare all the solutions. Briefly, 10 g of 1.0 mmol L −1 AgNO3 solution was added with a constant flow of 0.6743 g min −1 to 30 g of 2.0 mmol L −1 NaBH4 contained in a reaction vessel that was chilled over an ice bath. The reaction mixture was stirred at 700 rpm (11.67 Hz) using a magnetic stir plate. After all the AgNO3 had been added, the stirring was stopped.
The reaction was monitored for 140 min from the point at which AgNO3 was first added, taking measurements at intervals of 4 min. The monitoring system consisted of a reaction vessel and one peristaltic pump that recirculated and introduced the sample into the UV-VIS spectrophotometer (Perkin Elmer, Lambda 900). A flow-through cell (Helma® absorption cuvette) with a path length of 2 mm and a chamber volume of 124 μL was used for this purpose.
The following spectrophotometer parameters (Table 2 ) were used to acquire the spectra: 
Data Visualization
The first step in the use of NanoUV-VIS is introducing the spectra data in CSV format. Two possible options are displayed that depend on the number of data files:
• Single file: This option provides the capability to upload a preformatted data set, as shown in Fig.  1 . The required format for this option lists the wavelength values 2 in the first column and the absorbance data in adjacent columns, with column headings denoting the time at which the acquisition interval starts. • Multiple files: This option provides the capability to upload multiple 3 CSV files in the same format, as shown in Fig. 2 . It has been designed for instruments that generate or export data as an independent file, representing the measured spectrum at a specific scanning start time. This tool uses the time label (second column in Fig. 2 ) to generate the graphical visualization. Therefore, it is crucial to enter this time label in the CSV files for a correct running and visualization of the tool. Once data are correctly uploaded, the resulting plots can be viewed and explored using the visualization panel.
Specifically, NanoUV-VIS provides a wide array of data visualization options:
• Individual or mixed spectrum plots of all UV-VIS data, with the ability to inspect the main properties of each curve and compare them with others (Fig. 3) . This representation offers the experimenter the ability to obtain the SPR peak and FWHM, information that can be associated with the particle size of the NPs and the degree of polydispersion and/or aggregation of the NPs. Also, the spectrum plot provides easy visualization and exploration of the spectra, allowing for the selection of specific UV-VIS regions, the capability to zoom in on specific regions, and the ability to download the displayed spectra in a variety of graphical formats, including png and html. • A surface plot, which enables a simultaneous visualization of all the acquired spectra, producing a three-dimensional (3D) surface plot with unlimited degree of movement (Fig. 4) . This plot enables the experimenter to study and gain better understanding of the evolution of the NP synthesis reaction. It is possible to use the surface plot to identify significant changes in the maximum absorbance, SPR peak, and FWHM that occur during the synthesis process. • A contour plot, which is another combined way to visualize all the acquired spectra in a twodimensional (2D) graph, where the lines or contours represent the third dimension/variable, e.g., absorbance (Fig. 5) . In this contour plot, time is plotted as the ordinate, and wavelength is plotted as the abscissa, with the contour lines showing the amount of measured absorbance. The intensity of the absorbance is represented by a color scale, ranging from red for the lower measured absorbance to blue for the higher. Also, this plot allows the experimenter to immediately observe the evolution of the formation of NPs during the synthesis reaction as well as the formation of aggregates associated with the increase of measured absorbance in the region from 500 nm to 800 nm. Thus, this contour plot provides a visual assessment of NP stability throughout the synthesis reaction. For better visualization and understanding of the spectra, NanoUV-VIS displays a summary of the different variables determined in the analysis (maximum optical absorbance, SPR peak, and FWHM). Figure 6 shows the graphical output of the summarized data, enabling simultaneous comparison of the data.
Assuming a spectrum band with a unique SPR peak, the FWHM quantity (green line) is given by the abscissas (x-coordinates) of the spectrum equivalent to half-height (HH), which is half the distance between the SPR maximum absorbance and P3. P3 is the intersection of the straight line connecting P1 and P2, which are the local minima of values before and after the SPR peak, respectively. P1 and P2 are selected by dividing the spectrum band into two parts (after and before the SPR peak) and locating the minimum point of each part that is closest to the peak. Figure 7 illustrates how these parameters are calculated. Finally, Fig. 8 illustrates the mix spectrum plot designed to select, compare, and overlap multiple spectra taken during the synthesis process, allowing the experimenter to compare the spectra in different periods of time. 
Application of the Visualization Tool to Monitor the Synthesis of AgNPs
NanoUV-Vis is a versatile tool that can be widely used to understand and monitor the evolution of NP synthesis reactions. In this study, the synthesis of AgNPs was chosen to exemplify the applicability of the tool to monitor and visualize the synthesis of NPs. As can be readily observed in the surface plot (Fig. 4) , there is a period of rapid formation (first 16 min) of a high particle number concentration of AgNPs, as indicated by the rapid and pronounced increase in absorbance. This observed rapid formation is consistent with established theories and mechanisms of the nucleation and growth of NPs in solution to produce thermodynamically stable NPs [15] .
Subsequently, the synthesis is expected to reach a metastable period [16] . Figures 5 and 6 (blue line) show that the absorbance remains stable for approximately 55 min, indicating that the particle number concentration was constant for this period of time. An observed SPR peak wavelength of ≈ 382 nm (Fig. 6 , red line) suggests the formation of small NPs (≤ 10 nm) [17] . The fact that the SPR peak remains constant indicates that the NP size does not change during this period of time.
It is important to note that this synthesis was performed without any steric or electrostatic stabilizing agent. Thus, the stabilization of the AgNPs comes from the borohydride (BH4 − ) that remained in excess in the reaction medium. As can be seen in Fig. 5 and Fig. 6 , after the metastable period (t > 60 min), there is a decrease in the maximum absorption of the UV-VIS spectra, indicating a decrease in the AgNP number concentration. This may signal that the remaining BH4 − has partially converted to borate B(OH)4 − , due to the high tendency of BH4 − to be hydrolyzed in water [18] . This aspect would promote the coalescence or Ostwald ripening of the NPs, thereby producing the observed decrease in the particle number concentration. After the synthesis progresses for a period of 120 min, the spectra show a significant 9 https://doi.org/10.6028/jres.122.037 increase in the wavelengths of the SPR peak and FWHM (Figs. 6 and 8) , indicating an increase in the polydispersion and the size of the AgNP population.
The contour plot (Fig. 5) allows the experimenter to easily identify the aggregation of AgNPs during the final stage of the synthesis, as indicated by the large increase in the measured absorbance in the region from 500 nm to 800 nm. This aggregation occurs after the complete conversion of the BH4 − to B(OH)4 − . In this case, the lack of both a strong oxidizing agent and a stabilizing agent in the medium would contribute to surface oxidation [18] and consequently would promote the aggregation of the NPs.
Impact
As illustrated in this article, NanoUV-VIS provides new possibilities for convenient data visualization that leads to better understanding of the evolution of NP synthesis processes. In addition, this tool can be used to study the stability of NPs dispersions, including aggregation and destabilization processes. Finally, the applicability and impact of this tool are not limited to UV-VIS spectrochemical data acquisition. The functionality can additionally be expanded by incorporating new R functions and modules, providing potential uses of this tool in other analytical techniques such as fluorescence spectroscopy, dynamic light scattering, and hyphenated systems (e.g., asymmetric flow field-flow fractionation and size exclusion chromatography on-line coupled to UV-VIS), among others.
